Neuromuscular blockade with pancuronium and its antagonism was evaluated in 33 critically ill infants. Theevokedtontractionof the adductor pollicie from indirect stimulation of the ulnar nerve was measured. The neuromuscular blockade recovered spontaneously from pancuronium in seven infants, 23 required one or more doses of atropine 0.02 ngkg" 1 and neostigmine 0.06mgkg" 1 . In three infants the blockade railed to reverse. Immature infants less than 32 weeks did not show any significant difference in their requirement for pancuronium compared with mature infants. Age and birth weight of the infant, dose of pancuronium and duration of its administration did not affect the requirements for reversal. Train-offour and tetanus:twitch ratios were lower (P<0.05) in infants less than 32 weeks of developmental age reflecting immaturity of neuromuscular transmission.
Infants with hyaline membrane disease undergoing artificial ventilation require lower peak inspiratory pressures (Stark, Bascom and Frantz, 1979) and lower inspired oxygen concentrations (Henry et al., 1979) when neuromuscular blocking agents are used. In those infants who do not develop complications, rapid improvement in lung compliance occurs approximately 72 h after birth and they no longer require neuromuscular blockade, since they can breathe spontaneously or are managed using intermittent mandatory ventilation.
Since renal function is immature, the excretion of pancuronium and its metabolites may be delayed and the frequent use of aminoglycoside antibiotics may prolong the residual neuromuscular blockade (Singh, Harvey and Marshall, 1978) . The present study assessed the degree of residual neuromuscular blockade, and its reversal, in 33 critically ill infants, by measuring the evoked contraction of the adductor pollicis muscle from indirect stimulation of the ulnar nerve.
body were appropriate to their age. Their developmental age was calculated by adding the postpartum age at the time of the study to the gestational age at birth.
Each infant received intermittent doses of pancuronium 0.05mgkg" 1 hourly or as needed for 2-11 days as an adjunct to mechanical ventilation with the Bourne's (BP 200) time-cycled, pressure-limited respirator. Myoneural blocking agents were discontinued when arterial pressure, temperature and urine output had stabilized, and arterial blood-gas tensions indicated adequate gas exchange withl-Fl^ greater than 0.5 at inspiratory pressures less than 28 cm H 2 O. Acceptable bloodgas values were P&o9 kPa or more, P&co, less than 5kPa and [H + ] less than 50nmol litre"" 1 . Total seram calcium concentration was maintained greater than 7.5 mg dl"' and gentamicin concentrations were within the therapeutic range of l-6ugdr'.
Neuromuscular transmission was studied with a Grass Kl-03 force displacement transducer. The hand of the child was attached firmly on a padded plexiglass base with adhesive tape. The thumb was taped to a small portion of wooden tongue depressor trimmed to the size of the infant's thumb. This in turn was connected by silk thread to the force displacement transducer. The transducer was mounted on the plexiglass base with the direction of the force of concentration perpendicular to the transducer. The ulnar nerve was stimulated indirectly by surface or needle electrodes at the forearm near the wrist. The duration of electrical impulse was 0.2 ms (Grass S44 stimulator). The force of contraction of the thumb in response to indirect square-wave supramaximal stimuli applied at the ulnar nerve at 0.25 Hz, at 2 Hz for 2 s (train-of-four stimulation), and at 20 Hz and 50 Hz for 5 s (tetanic stimulation) was recorded on a Grass polygraph. An interval of lOmin elapsed between each tetanic stimulus to allow the twitch height to return to its normal pretetanic value. Neuromuscular blockade was considered adequately reversed when all of the following criteria were satisfied: train-of-four greater than 80%; fade less than 30%; tetanus (at 50 Hz): twitch ratio greater than 2.
These values were based on our previous studies in infants and children anaesthetized with halothane (Goudsouzian, 1980) .
If the criteria for adequacy of reversal were not met, the infant was given atropine 0.02 ng kg" criteria were still not satisfied, the doses of atropine and neostigmine were repeated and neuromuscular function re-evaluated. The adequacy of reversal was evaluated clinically by the presence of good muscle tone, spontaneous movements of the limbs, facial expressions, spontaneous respiratory efforts and the ability to generate 20cmH 2 0 negative inspiratory pressure at the endotracheal tube.
Data were analysed by the non-correlated Student's t test except for comparison of tetanic heights at 20 and 50 Hz, for which the correlated t test was used. Differences were considered significant when P values were less than 0.05.
RESULTS
Thirty-three infants were studied. Three infants did not fulfil our criteria for antagonism of neuro-muscular blockade after two or more attempts at reversal. Their data were excluded from the present study. Two of these three infants received the last dose of pancuronium 3 h before testing. The third infant had renal failure.
The 30 infants remaining in the study ranged from 28 to 45 weeks of developmental age and were in three groups according to age (table I) . Group I were less than 32 weeks, group II were 32-38 weeks and group III were more than 38 weeks.
The average total dose of pancuronium, the number of days on which the infants received pancuronium, the average dose of pancuronium required per kg per day and the interval between the last dose and evaluation were comparable in all three groups.
A greater number of infants less than 32 weeks required two attempts at reversal (table II) . In the individual infant, gestational age or post-natal age or both, birth weight, dose of pancuronium or duration of neuromuscular blockade had no predictive effect on the number of attempts required for reversal. In infants whose last dose of pancuronium was at least 20 h before testing, no pharmacological reversal of neuromuscular blockade was necessary. We found no significant differences between fade and post-tetanic potentiation among the three groups of tested infants. The train-of-four and tetanus: twitch ratios, were less (P < 0.05) in group I patients when compared with groups II and III. The train-of-four, tetanic fade, post-tetanic potentiation, and tetanus: twitch ratios correlated well with adequate return of neuromuscular func- tion as determined on clinical grounds, and with the ability to generate more than 20cmH 2 O negative intratracheal pressure. We did not observe "recurarizatibn" in any of the infants after satisfactory reversal of neuromuscular blockade as measured by the electromechanical monitor.
The height of tetanus was greater (P < 0.005) at 50 Hz than at 20 Hz; the mean height at 50 Hz was 29 ± 3 mm and at 20 Hz was 24 ± 2 mm, indicating that all infants, including those born prematurely, can develop greater tension at 50 Hz than at 20 Hz.
DISCUSSION
The response of the newborn to neuromuscular blocking agents is extremely variable. Previously we described a 3.5-fold variability in the dose of neuromuscular blocking agent required to achieve 95% depression of twitch height in newborn infants (Goudsouzian et al., 1975) . The infants in this present study also exhibited great variability. Their daily dose of pancuronium varied from 0.1 to 1.1 mgkg"' day"
1 . . The meari dose of pancuronium (tagkg"' day" 1 ) needed for adequate neuromuscular blockade was not significantly different among the three groups of infants. This indicates the absence of any unusual sensitivity to nondepolarizing myoneural blocking agents in the immature infant (less than 32 weeks) compared with older infants. These data agree with our previous observations (Goudsouzian et al., 1975; Goudsouzian, Liu and Savarese, 1978 ) that neonates are riot unusually sensitive to neuromuscular blocking agents, but rather, demonstrate wide variability. This observation has recently been supported by measurements of plasma concentrations of tubocurarine (Matteo et al., 1980) .
In studying the reversibility of pancuronium, we noted that the neuromuscular blockade of infants who had received a large dose of pancuronium (an average 1.4 mg kg "' in 3.4 days) and aminoglycoside antibiotics could be satisfactorily reversed 10 h after the administration of the last dose. When body temperature, blood calcium concentration and blood-gas tensions are in the normal range and sufficient time has elapsed after the last dose of pancuronium (elimination segment of the pharmacokinetic curve of pancuronium (Lee and Katz, (1980) ), neuromuscular blockade can be consistently reversed.
The dose of pancuronium and the number of days in which the infants received mechanical ventilation of the lungs did not have a predictable influence on reversibility. However, the degree of immaturity appeared to be a factor. Immature infants (less than 32 weeks) required more antagonist and in none was reversal spontaneous. Seven infants from the other two groups did not require any pharmacological antagonist (fig. 3) . The time elapsing between the last dose of pancuronium and the number of attempts at reversal did seem to be a predictive index. The two infants in whom reversal was not adequate received their last dose of pancuronium 3 h before testing; perhaps the high plasma concentrations of pancuronium precluded reversal. Consequently, we did not attempt any pharmacological antagonism until a minimum of 4 h had elapsed after the last dose of pancuronium. The number of attempts at reversal diminished as the time elapsed increased. After 20 h, infants seem to recover spontaneously from the effect of pancuronium. None of the infants who recovered spontaneously was less than 32 weeks of developmental age ( fig. 3 ). In addition to the time elapsing, renal excretion of pancuronium is important, as was demonstrated by the infant with renal failure who showed evidence of neuromuscular blockade 48 h after the last dose of pancuronium, despite two attempts at reversal. Renal concentrating ability is decreased in the early weeks of life (Edelmann and Spitzer, 1969) . However, this factor does not seem to affect the excretion of pancuronium in neonates who have no evidence of renal failure. One of the most important findings of the present study is that the train-of-four and the tetanus: twitch ratios were significantly greater in infants older than 32 weeks of developmental age as compared with those less than 32 weeks-of-age. This deficiency may be caused by factors in the muscle itself, or at the neuromuscular junction. Dubowitz (1965 Dubowitz ( , 1966 found, with histochemical techniques, type I fibres (slow-twitch, highoxidative) in the peripheral muscles of postmortem specimens of fetuses and newborn infants 20-26 weeks of gestation that were larger in diameter and comprised only 3-10% of the total muscle fibres. From 30 weeks of gestation onwards, he noted a distinct subdivision into Type I and Type II (fast-twitch, low-oxidative), giving a checkerboard pattern with an approximately equal distribution of both types of fibres as in the muscle of older children and adults (Dubowitz 1965 (Dubowitz , 1966 Curless, 1977) . Whether this observation has any correlation with our observation in the change of train-of-four and tetanus: twitch ratios is a matter for speculation. They do point in the same direction. Other factors observed in animals, such as a decrease in the number of tension-generating sites (Close, 1964) or a decrease in the safety factor (Kelly and Roberts, 1977) may be involved. When we examined the train-of-four and tetanus: twitch ratio data and compared them with those from our previous study on maturation of neuromuscular junction (Goudsouzian, 1980) , we noticed two apparent changes in neuromuscular indices: one at the age of 32 weeks of developmental age and another at the first month of extrauterine life (44 weeks developmental age) (fig.  4) . The cause of these marked changes in neuromuscular indices at these particular dates is a matter for speculation. It remains to be determined if changes in muscle fibres or changes at the myoneural junction predominate.
We observed that the rate of fade either at 20 Hz or 50 Hz for 5 s was similar in the three groups of infants. We had made a similar observation between infants less than 1 and greater than 2 months of post-natal age (Goudsouzian, 1980) . These data indicate that premature infants can sustain tetanus for a short time. If the duration of stimulation is prolonged to 15-20 s then infants (Churchill-Davidson and Wise, 1963) , especially premature ones (Koenigsberger, Patten and Lovelace, 1973) , show marked fade, indicating that premature infants can develop satisfactory tension for a short period (5 s), but that prolonged tetanus is poorly sustained. This is observed clinically in neonates when they initiate a muscle movement but are unable to maintain it. Also, with prolonged muscle contractions associated with coughing or breathing against high loads, premature infants fail more easily, and the only mechanism for compensation is rapid shallow breathing (short tetanic contraction) rather than deep breathing (long tetanic contraction).
In the present study, we demonstrated that the evoked tension measurement technique used in the operating room to evaluate skeletal muscle contraction can be carried out with advantage in the neonatal intensive care unit. These techniques are also valuable in clarifying the aetiology of flaccidity in sick neonates who have received neuromuscular blocking agents. Infants with flaccidity from residual neuromuscular agents demonstrate low train-of-four, marked fade and post-tetanic facilitation with diminished tetanus: twitch ratios. Infants with severe central nervous system depression (for example severe intraventricular haemorrhage) have values within normal limits despite their flaccidity.
